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Abstract

Purpose: IH MRS provides a noninvasive tool for identifying mutations in isocitrate
dehydrogenase (IDH). Quantification of the prominent 2-hydroxyglutarate (2HG) resonance at
2.25 ppm is often confounded by the lipid resonance at the same frequency in tumors with
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elevated lipids. We propose a new spectral fitting approach to separate these overlapped signals,
thus improving 2HG evaluation.

Methods: TE 97ms PRESS was acquired at 3T from 42 glioma patients. New lipid basis sets
were created, in which the small lipid 2.25-ppm signal strength was preset with reference to the
lipid signal at 0.9 ppm, incorporating published fat relaxation data. LCModel fitting using the new
lipid bases (Fitting method 2) was conducted along with fitting using the LCModel built-in lipid
basis set (Fitting method 1), in which the lipid 2.25-ppm signal is assessed with reference to the
lipid 1.3-ppm signal. In-house basis spectra of low-molecular-weight metabolites were used in
both fitting methods.

Results: Fitting method 2 showed marked improvement in identifying IDH mutational status
compared with Fitting method 1. 2HG estimates from Fitting method 2 were overall smaller than
those from Fitting method 1, which was due to differential assignment of the signal at 2.25 ppm to
lipids. In receiver operating characteristic analysis, Fitting method 2 provided a complete
distinction between IDH mutation and wildtype while Fitting method 1 did not.

Conclusion: The data suggest that 1H MR spectral fitting using the new lipid basis set provides a

robust fitting strategy that improves 2HG evaluation in brain tumors with elevated lipids.

Keywords
2-Hydroxyglutarate (2HG); Lipids (Lip); H MRS; IDH mutation; 3T; TE 97 ms PRESS

INTRODUCTION

2-Hydroxyglutarate (2HG), which is normally present in vanishingly small quantities in the
human brain, is elevated to millimolar levels in gliomas with mutations in isocitrate
dehydrogenase (IDH) 1 and 2 genes.! Clinical significance of IDH mutation is manifested in
its association with long survival.2: 3 The IDH mutational status is established as a primary
factor in glioma classification. Noninvasive identification of 2HG in glioma patients using
MR spectroscopy®~/ therefore provides a biomarker of IDH mutation, improved prognosis,
and glioma classification. Clinical trials are in progress to test IDH inhibitors for potential
therapy in IDH mutant glioma patients,® 9 and thus 2HG MRS can play an important role in
developing therapeutics for IDH mutant gliomas. Taken together, accurate MRS evaluation
of 2HG levels in brain tumor patients is pivotal in glioma patient management.

Lipid levels can be elevated due to tumor progression and necrosis'? 11 and consequently
MR spectra from high-grade brain tumors often show elevated signals from mobile lipids. In
1H MRS, six lipid resonances are present between 0 and 4 ppm,19-13 which is a spectral
region of interest in many MRS studies. The most prominent lipid signals, arising from the
CHo-chain and CHg3 protons, appear at 1.3 and 0.9 ppm, respectively. Other four resonances,
all arising from single-methylene units, are present between 1.6 and 2.8 ppm. The
resonances at 2.0 and 2.8 ppm are attributed to methylene protons a to double-bond carbon
(-CHo—CH=CH-) and diallylic methylene protons (=CH-CH>—CH=), respectively (Figure
1A), and thus their signal strengths depend upon the specific contents of mono-unsaturated
and poly-unsaturated fats in the brain tumor.12 The lipid resonances at 2.25 and 1.6 ppm
arise from the methylene protons a to carboxyl group (-COO-CH4-) and the methylene
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protons B to carboxyl group (—COO-CH,—-CH2-), respectively, and will be present in every
fat molecule irrespective of its unsaturation composition, as is the 0.9 ppm resonance.

A 2HG molecule may present proton signals at approximately three locations (4.02, 2.25,
and ~1.9 ppm). The 2.25 ppm signal, which is attributed to two adjacent resonances (*C
protons), appears to be the largest in commonly available data acquisition methods and thus
was a major target signal in many prior 2HG MRS studies. Since the 2HG 2.25 ppm
resonance is overlapped with the lipid resonance at 2.25 ppm, evaluation of 2HG using
conventional MRS sequences can be complicated when lipid elevation is considerable.
Overestimation of 2HG can result when the lipid 2.25 ppm signal is underestimated. As
such, false-positive 2HG estimation can occur frequently in high-grade tumors compared
with low-grade tumors in which lipid signals are usually negligible.14 15 Given the
significance of noninvasive identification of the IDH mutational status in high-grade tumors,
development of an MRS methodology to overcome the spectral overlap between 2HG and
lipids is well warranted.

The lipid signals at 1.3 and 0.9 ppm, which are directly observable in /n vivo MRS, are
much broader than the low-molecular-weight metabolite signals, which is most likely due to
T, relaxation difference. At 3T, the T, of the human tibial bone marrow lipids was measured
to be 88 ms using a PRESS sequencel® while the T,s of creatine and choline in brain tumors
may be as long as 170 — 250 ms.17: 18 The T,s of fat signals in the human breast and skeletal
adipose tissue were measured to be 30 — 60 ms at 7T,12: 13 shorter by 2 — 3 fold compared to
brain N-acetylaspartate and creatine T»s at 7T.1° The lipid 2.25 ppm resonance arising from
the methylene group protons showed slightly shorter T, than the methyl group proton
resonance at 0.9 ppm,12:13 (36 vs. 41 ms and 55 vs. 67 ms for human breast and skeletal
fats, respectively). The ratio between the published relaxation times at 7T may be applicable
for predicting the lipid signal ratios at long TE at 3T, a field strength widely used for 2HG
MRS.

The lipid 2.25 ppm resonance may not be directly identifiable in brain tumors because the
signal appears small in a spectrally crowded region. When an indirect assessment of the lipid
signal strength is available, accuracy in 2HG evaluation can be improved. In the default
spectral fitting by LCModel, which is widely used for 1H MR spectral fitting, the lipid 2.25
ppm signal strength is assessed, using a soft constraint, relative to the major lipid signal at
1.3 ppm, whose signal strength may depend upon fat composition types, thus varying the
number of CH, chains in tumors. In this paper we present a new fitting approach that can
improve the MRS evaluation of 2HG in brain tumors. We utilize that the -COO-CH,- and
—CHs units are present in every fatty acid molecule irrespective of its precise lipid
nomenclature, and thus the lipid signals at 2.25 and 0.9 ppm arise from number of protons
having a constant ratio (7.e., 2:3) in tumors. A new lipid basis signal is constructed for
PRESS TE 97 ms, in which the lipid 2.25 and 0.9 ppm resonances are combined into a
single basis unit and the 2.25 ppm signal strength is preset with reference to the 0.9 ppm
signal incorporating the published T, relaxation ratio of the resonances. The new lipid basis
set is tested with MRS data from 42 glioma patients. Performance of the new lipid basis set
for identifying IDH status is presented in comparison with fitting using the conventional
LCModel built-in lipid basis set.
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METHODS

Forty-two glioma patients were enrolled in the present study. The enrollment included 20
male and 22 female subjects, with an age range of 20 — 79 years at the time of MRS scans
(mean 47+16 years). The tumors included 23 IDH mutated and 19 IDH wildtype gliomas,
which were all biopsy proven. The glioma types included 16 glioblastomas, 10 anaplastic
astrocytomas, 6 astrocytomas, 2 anaplastic oligodendrogliomas, and 8 oligodendrogliomas.
The brain tumor MR protocol was approved by the local Institutional Review Board. Written
informed consent was obtained from each patient prior to the MR scan.

1H MR experiments were carried out on a whole-body 3T scanner (Philips Medical
Systems), using a body coil for RF transmission and a thirty-two channel phased-array head
coil for reception. Following survey imaging, To-FLAIR was performed for tumor
identification (TR/TE/TI = 9000/125/2600ms; FOV = 230x200 mm?; slice thickness = 4
mm). Single-voxel localized MRS was acquired with TE 97 ms PRESS (90°-180° pulse
interval 16 ms),® 20 which had a 9.8-ms 90° pulse (bandwidth 4.2 kHz) and a 13.2-ms 180°
RF pulse (bandwidth 1.3 kHz) at an RF field intensity (B;) of 13.5 uT. The voxel for MRS
acquisition was positioned completely within the To-FLAIR hyperintensity region, with care
taken to avoid cyst, cerebrospinal fluids, and/or resection cavity. The MRS acquisition
parameters included a sweep width of 2500 Hz, 2048 sampling points, and a repetition time
of 2 s. The number of water-suppressed PRESS signal averages was 128 — 1280, depending
upon the voxel size (1.5 - 11.4 mL) (scan time 4 — 43 min). Data were recorded in multiple
blocks, each with 16 signal averages. For each block, multi-channel combination and eddy-
current compensation were performed with a vendor-supplied tool (Spectral correction).
Water suppression was obtained with a four-pulse variable flip angle scheme.?! First- and
second-order shimming for the selected volume was carried out using a vendor-supplied tool
(Pencil beam). The B field strength was calibrated on the shimming volume, which was set
to be slightly larger than the MRS voxel. The carrier frequency of the PRESS RF pulses was
set at 2.7 ppm. The RF frequency of the scanner was adjusted in real time for each excitation
using a vendor-supplied tool (Frequency stabilization). In addition, an unsuppressed water
signal was acquired with TR 20 s and TE 14 ms for use as reference in metabolite
quantification.

The multi-block PRESS spectra were aligned with reference to a total choline (tCho) singlet
at 3.21 ppm, prior to averaging the spectra. Following apodization with a 1-Hz exponential
function, spectral fitting was performed with LCModel software (Version 6.3-1L).22 The
basis set consisted of low-molecular-weight metabolite basis signals and lipids resonances,
excluding macromolecule (MM) resonances. The metabolite basis set included 2HG,
glutamate (Glu), glutamine, y-aminobutyric acid (GABA), myo-inositol, glycine, lactate,
citrate, glutathione, alanine, aspartate, ethanolamine, phosphoethanolamine, scyllo-inositol,
taurine, glucose, tCho (glycerophosphocholine + phosphocholine), tNAA (N-acetylaspartate
+ N-acetylaspartylglutamate), and tCr (creatine + phosphocreatine). The metabolite basis
spectra were numerically calculated with an in-house density-matrix simulation tool that
incorporated the exact shapes of the slice-selective RF and gradient pulses of the PRESS
sequence as well as the PRESS subecho times, according to a published product-operator
based transformation matrix algorithm (see the Supplementary Methods of reference 5 for
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details).> 23 A transformation matrix was created for each of the slice-selective 90° and 180°
RF pulses and used for metabolite basis signal simulations. The effect of the slice-selective
gradient pulse during the RF pulse was incorporated in such a manner that an object length
twice larger than slice thickness was divided into 200 even-spaced pixels, in each of which
the magnetic field strength was assumed to be uniform. With the RF carrier set at 2.7 ppm,
all uncoupled and J-coupled spins in shifted slices that resonate between —1.6 and 7 ppm
experienced the PRESS 180° pulses fully and the chemical-shift displacement effects on the
coherence evolution of the resonances were taken into account in the transformation
matrices and consequently metabolite basis signal calculation, as indicated by phantom data
comparison in our prior 2HG MRS study2°. Published chemical shift and J-coupling
constants were used in the simulations.24 The basis signals of lipids were created using the
LCModel built-in tool (Supporting Information, Methods). The LCModel option for data
type was set to tumor (/.e., sptype = ‘tumor’). Spectral fitting was performed with two
methods.

Fitting method 1:

The basis set was composed of in-house calculated metabolite basis and the LCModel
default basis of lipid resonances. The lipid basis included Lip20, Lip09, Lip13a, Lip13b.
Here Lip09 had a resonance at 0.89 ppm with signal intensity of 3 and the Lip20 contained
three resonances at 2.04, 2.25 and 2.8 ppm with signal strengths set at 1.33, 0.67, and 0.87,
respectively. The lipid resonances and amplitudes were the LCModel default values.

Fitting method 2:

The basis set included two newly created lipid bases, LipNew1 and LipNewz2, in addition to
the in-house metabolite basis spectra and the LCModel default basis of the lipid 1.3 ppm
resonance (Lip13a and Lip13b). LipNewl had two resonances at 0.89 and 2.25 ppm, with
signal strengths of 3 and 1.8, respectively (Figure 1B). LipNew2 included three resonances
at 1.59, 2.04, and 2.8 ppm, with signal strengths of 1.4, 1.7, and 0.6, respectively. The signal
strengths of the new Lip basis sets were set according to their signal ratios at TE 97 ms that
were calculated incorporating the data in prior 7T fat MRS studies (details shown in
Discussion).12: 13

The spectral fitting was conducted between 0.2 and 4.0 ppm for both fitting methods with
the LCModel default baseline option. Cramer-Rao lower bounds (CRLB) were returned as
percentage standard deviation by LCMaodel. T, relaxation effects on metabolite signals at TE
97 ms were corrected using published metabolite T, values: T, = 180 and 260 for 2HG and
tCho, respectively.18: 25 The concentrations of low-molecular-weight metabolites were
quantified in institutional millimolar unit, with reference to water at 48 M25, ignoring
potential differences of the T, saturation effect between metabolites and water and potential
presence of fluid volumes within the MRS voxels. The 48 M value equaled a white-matter
water concentration (40 M) multiplied by an experimental tumor-to-white matter water
signal ratio (1.2+0.1, n=14). Lipid levels were assessed in arbitrary unit. Data are presented
as mean + standard deviation (SD).

Magn Reson Med. Author manuscript; available in PMC 2022 October 01.
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RESULTS

PRESS TE 97 ms spectra from three representative tumors are presented together with the
spectral fitting outputs in Figure 2. A patient with an IDH1 mutated glioblastoma showed a
large signal at 2.25 ppm and small lipid signals at 1.3 and 0.9 ppm (Lip13 and LipQ9,
respectively) (Figure 2A). 2HG was estimated to be 7.4 mM when the LCModel built-in
lipid basis set was used in the spectral fitting (Fitting method 1). The LCModel-returned
Lip20 signal was essentially null. The Lip09 signal was small and the peak amplitude was
18% relative to the 2HG peak amplitude. When the Lip20 and Lip09 bases were replaced
with new lipid bases, LipNew1 and LipNewz2 (Fitting method 2), the 2HG estimation was
decreased to 6.8 mM, with a slightly increased CRLB (3%) (Figure 2B). The 2.25 ppm
signal amplitude of the LCModel-returned LipNew1 was approximately 11% with respect to
the amplitude of the fit (green line) at 2.25 ppm. The LCModel-returned lipid 0.9 ppm to 1.3
ppm peak amplitude ratio was 25% and 27% in the Fitting methods 1 and 2, respectively.

A patient with an IDH1 mutated anaplastic oligodendroglioma also showed a large signal at
2.25 ppm. 2HG was estimated to be 7.5 mM using the Fitting method 1 (Figure 2C). The
lipid signals in this tumor were much larger compared to the aforementioned IDH mutant
glioblastoma. The 1.3 and 0.9 ppm signal amplitudes were both greater by approximately
fourfold in this oligodendroglioma than in the glioblastoma. The lipid 0.9 ppm to 1.3 ppm
peak amplitude ratio was 33% and 35% in the Fitting methods 1 and 2, respectively. The
ratio of the Lip20 signal at 2.25 ppm with respect to the LCModel-returned 2HG peak was
15%. 2HG estimation using Fitting method 2 was drastically reduced (4.3 mM) most likely
due to the presence of a large lipid signal at 2.25 ppm (Figure 2D). A large LipNew1 signal
was returned in the LCModel fitting. The LipNew1 peak at 2.25 ppm was as high as the
LCModel-returned 2HG peak (95%), suggesting that the 7.5 mM 2HG from the Fitting
method 1 could be an overestimation arising from suboptimal differentiation between the
overlapping 2HG and lipid signals at 2.25 ppm. The estimates of Glu and GABA in the
tumors were not very different between the fitting methods (Supporting Information Figure
S1).

Next, an IDH wildtype glioblastoma showed a very high lipid signal at 1.3 ppm but a
relatively small peak at 0.9 ppm (Figure 2E). The 0.9 ppm to 1.3 ppm lipid peak amplitude
ratio was as small as 7 — 8% in this glioblastoma, approximately fourfold smaller compared
with the two aforementioned tumors. Fitting method 1 resulted in 1.0 mM 2HG. Reduction
of 2HG estimation by Fitting method 2 also occurred in this tumor, leading to a negligible
estimation of 2HG (0.1 mM) (Figure 2F). The LCModel-returned LipNew1 had a
considerable signal at 2.25 ppm, which was likely assigned to 2HG in Fitting method 1.

For the three cases in Figure 2, the tCho singlet linewidths at half amplitude were 6 — 8 Hz
(following the apodization with a 1-Hz exponential function) and the tCho singlet to
background noise ratios (SNR) were 120 — 150, where the background noise was the
standard deviation of the fitting residuals between 0.2 and 4.0 ppm. The spectra from the 42
patients of the present study are shown in Supporting Information Figure S2. Due to
substantial attenuation of MM signals and the J-coupled spin coherence evolution during the
97 ms TE, metabolite signals were well discernible on nearly flat baselines. The classic
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pattern of elevated tCho with decreased and tNAA was present in all spectra. The tCho-to-
tNAA concentration ratio ranged from 0.4 to 3.0 (mean 1.1+0.7), much higher than healthy-
brain values (~0.1). For the 42 MRS voxels, whose size ranged from 1.5 to 11.4 mL (mean
6.0+2.2 cm3), the tCho singlet linewidth and SNR ranged from 4.0 to 9.8 Hz (mean 6.6+1.3
Hz) and from 41 to 203 (mean 107+44), respectively. The mean tCho concentration in the 42
tumors was 2.4+1.4 mM, ranging from 1.0 to 7.3 mM. The linewidth of the unsuppressed
water signals from the voxels was smaller than the tCho linewidth, ranging from 2.0 to 7.6
Hz (mean 4.6+1.4 Hz). In addition, the tCho linewidth was slightly larger in low-2HG
tumors (< 0.4 mM; P1 — P19) than in high-2HG tumors (> 0.8 mM; P20 — P42) (/.e., 7.5£1.5
vs. 6.1+1.0 Hz).

As shown in the three representative cases shown earlier, use of the new lipid basis sets for
spectral fitting (Fitting method 2) resulted in a decrease in 2HG estimation in most cases,
compared with the 2HG estimation by Fitting method 1 (Figure 3A). For the 42 tumors, the
difference between the 2HG estimates from the two fitting methods, /.e., [2HG]Fitting method 2
— [2HG]Fitting method 1, ranged from —3.2 mM to +0.2 mM, depending upon the lipid 0.9 ppm
signal strength. A regression analysis showed that reduction in 2HG estimation was
significantly associated with the lipid 0.9 ppm signal strength (p = 7x1079) (Figure 3B). For
14 tumors that showed clearly discernible lipid signals at 0.9 ppm (SNR > 4), the lipid 0.9
ppm to 1.3 ppm peak amplitude ratio differed across the tumors substantially (8% — 35%)
(Figure 3C). The lipid 0.9 ppm to 1.3 ppm peak area ratio also differed across the tumors
similarly, ranging from 9% to 41%. For these 14 tumors, the linewidths of the LCModel-
returned lipid 0.9 and 1.3 ppm peaks were about the same (16.8+4.0 and 16.4+2.2 Hz,
respectively), approximately 2.5-fold larger than the tCho linewidth. In addition, the effects
of the new fitting method on Glu and GABA estimations were much smaller compared with
the 2HG and the differences of Glu and GABA estimates between the two fitting methods
were not significantly correlated with the lipid 0.9 ppm signal strength (Figure 4).

ROC (receiver operating characteristic) analysis was performed with the 2HG estimates
from the 42 patients, obtained with the two fitting methods. For Fitting method 1, AUC (area
under the ROC curve) was 0.977 when the true positive rate (TPR) was plotted versus the
false positive rate (FPR) (Figure 5A). A 2HG cutoff corresponding to the point with the
smallest distance to the upper-left corner of the ROC curve was obtained as 1.3 mM.
Accuracy, sensitivity, and specificity with respect to the biopsy-proven IDH mutational
status were calculated as 0.929, 0.913, and 0.947, respectively. The 2HG estimates in 23
IDH mutated tumors were 1.1 — 7.5 mM (3.2+2.0 mM) while the 2HG estimates in 19 IDH
wildtype tumors were 0 — 1.8 mM (0.5+0.6 mM) (Figure 5B). For Fitting method-2, AUC
was unity (Figure 5C). The 2HG estimates in the 23 IDH mutant tumors ranged from 0.8 to
6.8 MM (2.7+1.8 mM) with CRLB of 3% — 21%, while the 2HG estimates in the 19 IDH
wildtype tumors were 0 — 0.4 mM (0.1+0.1 mM) with CRLB = 34% (Figure 5D). Any 2HG
cutoff value between 0.4 and 0.8 mM provided a complete distinction between IDH
mutation and wildtype (accuracy, sensitivity, and specificity with respect to the IDH status
were all 100%).

Magn Reson Med. Author manuscript; available in PMC 2022 October 01.
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DISCUSSION and CONCLUSION

The current work reports a spectral fitting strategy for improving /7 vivo IH MRS evaluation
of an oncometabolite 2HG in brain tumors, particularly in tumors with elevated lipids. New
lipid basis sets were designed for 3T TE 97 ms MRS and the performance was tested in
spectra from 42 glioma patients, in whom the numbers of the biopsy-proven IDH mutated
and IDH wildtype tumors were approximately equal. The strength of the lipid 2.25 ppm
signal, which appears small in the spectrally crowded region and thus difficult to identify,
was preset with reference to the lipid 0.9 ppm signal strength in the basis set. This approach
(Fitting method 2) resulted in a complete distinction between IDH mutant and wildtype
tumors while the conventional LCModel lipid basis sets did not. This new fitting method,
with improvement in 2HG quantification, would provide an effective tool for monitoring
2HG level in longitudinal studies of IDH mutant brain tumors, particularly when the lipid
level changes with time.

Our data showed that the 0.9 ppm to 1.3 ppm lipid signal ratio was not the same between
patients, suggesting that brain tumors may have several types of fats and the composition of
fat types is not identical between tumors. The differential lipid signal ratio between tumors
supports our hypothesis that the number of CH, chains per fat molecule, which is
responsible for the lipid 1.3 ppm signal strength, may differ between tumors while the single
CHs group, responsible for the 0.9 ppm lipid signal, is present within each fat molecule
irrespective of the lipid composition (7.e., independent of the lipid chain length or index of
saturation). Thus, the 0.9 ppm signal is preferable as a reference to determine the lipid 2.25
ppm signal strength although the signal is smaller than the lipid 1.3 ppm signal. Compared
to fitting with the LCModel built-in lipid basis set (Fitting method 1), a major effect of
Fitting method 2 was a decrease in 2HG estimation, which was most likely because the
LCModel-returned lipid signal strength at 2.25 ppm was overall larger in Fitting method 2
than in Fitting method 1.

The MM signals were excluded in the spectral fitting of the present study. This may be a
reasonable approach since the MM signals in brain tumors have very short T, relaxation
times2” and may be negligible at TE 97 ms. When the LCModel built-in MM basis signals
were included in the basis set, which was conducted for comparison purpose, 2HG estimates
were slightly changed. For the LCModel built-in lipid basis sets, an ROC analysis of the data
from fitting with MM basis signals showed a slightly less acceptable result (AUC 0.95,
Accuracy 0.905, Sensitivity 0.957, and Specificity 0.842), when compared with the result
from without-MM fitting (Fitting method 1). The 2HG estimates in IDH mutated tumors
were 1.1 — 8.1 mM (3.3£2.1 mM) while those in IDH wildtype tumors ranged from 0 to 2.1
mM (0.6+ 0.6 mM). For our customized lipid basis set, including MM basis signals in the
fitting resulted in a complete distinction between IDH mutant and wildtype tumors, similarly
as in the without-MM fitting (Fitting method 2). 2HG estimates were overall slightly
decreased, leading to a cutoff 2HG of 1.2 mM. The 2HG estimates in IDH mutated tumors
were 0.7 — 6.8 mM (2.5£1.8 mM) while those in IDH wildtype tumors ranged from 0 to 0.2
mM (0.03+ 0.07 mM). A negative effect of the MM inclusion was that the LCModel-
returned baselines showed downward distortions between 0.5 and 2 ppm in some spectra,
resulting in apparent overestimation of the lipid 0.9 and 1.3 ppm signals. This prompted us
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to conclude that spectral fitting without MM in the basis set may be an appropriate option. In
addition, choosing ‘tumor” for the LCModel data-type option (sptype), as in the present
study, appears to be highly desirable for brain tumor data processing since removing the
tumor data type option increased the curvature of the LCModel baseline and did not provide
complete differentiation between IDH mutant and wildtype tumors.

The preset lipid signal strengths in our customized lipid basis sets were determined for TE
97 ms according to the data in two prior 7T 1H MRS fat studies in human breast and skeletal
adipose tissue.1? 13 In these studies, the 2.25 ppm to 0.9 ppm lipid signal ratio at TE 20 ms
(TR 2 s) was approximately 0.8, which was somewhat larger than their proton number ratio
(7.e, 2/3=0.67) most likely due to their differential T, saturation effects (T; = 0.45and 1.1
s, respectively). The T, relaxation time was very different between breast fat and skeletal
fatty acids, so we calculated expected 2.25 ppm to 0.9 ppm signal ratios at TE 97 ms
separately for breast and skeletal fats using the T, values in the two papers and took an
average for the present study, which was 1.8/3. The expected lipid signal ratio, calculated
with 7T data, should be applicable for 3T. The expected signal strengths of the other
customized lipid basis set (LipNew?2) were calculated in a similar fashion. In addition, since
the preset signal ratios of our customized lipid basis sets were designed for TE 97 ms MRS,
the ratios may be applicable for other MRS acquisition methods with similar TE irrespective
of field strength. For short-TE MRS data, however, the lipid basis sets of the present study
may not be ideal because of the different signal strengths of lipid resonances at short TE.
Lipid basis sets can be constructed for short-TE MRS by considering the proton numbers, T,
difference between resonances, and our proposed strategy to determine the lipid 2.25 ppm
signal strength with reference to the lipid 0.9 ppm.

In prior 3T 2HG MRS studies,1# 15 which used the same MRS sequences as in the present
study, false-positive 2HG occurred largely in necrotic tumors, where lipids are elevated.
Tietze et al. reported, with a cutoff 2HG at 2 mM, two false positive cases in 34 glioma
patients.14 The two false positive 2HG occurred in glioblastomas with elevated lipids. In the
study by Suh et al., 1> which was focused on glioblastomas, the false positive rate was as
high as 21% (17 cases out of 82), with a cutoff 2HG at 1.8 mM. A multivariable analysis
showed that false positive rate was significantly associated with increasing fractional
necrosis within the MRS voxels. It is most likely that the incidence of false positive in
necrotic tumors may be due to overestimation of 2HG, which can occur when the lipid 2.25
ppm signal is underestimated and the signal at 2.25 ppm is assigned largely to 2HG. When
lipid basis signals between 2 and 2.5 ppm are excluded in spectral fitting, 1 the entire lipid
signal at 2.25 ppm may be assigned to 2HG. The complication of 2HG evaluation arising
from lipid signals may not be alleviated by including the 2HG C2-proton (4.01 ppm)
resonance in the spectral fitting because of its signal overlap with the resonances of lactate
(4.1 ppm) and myo-inositol (4.06 ppm). Moreover, when the water suppression is poor, the
spectral region above 3.5 ppm is often severely distorted and as a result, the 2HG 4.01 ppm
signal, which is attributed to a single proton, is very difficult to identify. As a glioma often
contains necrotic components within the tumor mass, presence of lipid signals in spectra is
practically difficult to avoid when a large cubic voxel is chosen for data acquisition (2x2x2
cm3)14. 15 and even when an elongated small voxel is adopted (see Figure 2B). Multivoxel
2HG imaging may have similar issues unless the spatial resolution is very high (7e., « 1
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cm3). Given these challenges in 2HG evaluation in tumors with high lipids, our proposed
strategy to separate 2HG and lipid 2.25 ppm signals in spectral fitting would be useful for
minimizing false-positive cases in 2HG MRS.

A major limitation in the present study may be that the lipid basis signals were modeled to
be a singlet in spectral analysis, ignoring potential J coupling effects between the fat protons,
similarly as in the prior fat MRS studies.12 13 This simplification of lipid signal modeling
was adopted because accurate values of the lipid J coupling strengths are unknown and the
0.9 ppm signal in spectra from patients exhibited apparently singlet pattern in our /n vivo
spectra, which could be the case of fast decaying signals from J coupled lipid protons.
Further improvement in 2HG quantification in high-lipid tumors may be achievable with
clarification of lipid J coupling strengths and accurate modeling of lipid basis set for the
MRS sequence. Another limitation is the absence of lipid quantification. With the use of
long TE, quantification of lipids, whose signals decay fast, requires T, relaxation times of
brain tumor lipids at 3T, which are unknown. We did not attempt to quantify lipid levels in
millimolar units since modeling of the lipid 2.25 ppm signal strength at TE 97 ms was
sufficient for 2HG quantification and millimolar quantification of lipids was beyond the
scope of the study. In addition, branched-chain amino acids such as valine, leucine, and
isoleucine have resonances around 0.9 ppm. In a prior tumor tissue NMR study?8, the
concentrations of the amino acids in glioblastomas and grade-111 gliomas were about the
same as those in grade-11 gliomas. Our data showed no measurable signal around 0.9 ppm in
grade-I1 glioma patients. This suggests that the signals at 0.9 ppm in our study, which were
detectable in patients with glioblastomas and grade-111 gliomas, may be attributed largely to
elevated lipids. Lastly, this study was focused on comparison of the new fitting result with
the IDH mutational status of the tumors, without direct measurement of the lipid 2.25 ppm
signal. Further study is required to evaluate the lipid 2.25 ppm resonance experimentally and
examine how the lipid signal interferes with 2HG quantification /in vivo.

In conclusion, our data suggest that the spectral overlap between the lipid and 2HG signals
at 2.25 ppm can be effectively addressed by determining the lipid 2.25 ppm signal with
reference to the lipid 0.9 ppm signal intensity. Incorporating our new lipid bases in the
spectral fitting may provide a robust fitting strategy for improving MRS identification of
IDH mutational status in brain tumors, particularly in necrotic tumors with highly elevated
lipids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) The chemical structure of a triglyceride. The protons resonating between 0.5 and 4 ppm

are labeled A to F. (B) The signals of new lipid basis sets, LipNew1 and LipNew2, are
presented together with a 2HG signal calculated for PRESS TE 97 ms. The lipid peaks were
broadened to 16 Hz at half amplitude while the 2HG signal was simulated with 6 Hz singlet
FWHM (as indicated in an arbitrary dotted-line singlet). The amplitude ratio of the signals
A E,C,D,and Fis 3:1.8:1.4:1.7:0.6.
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Figure2.

Representative /n vivo PRESS TE 97 ms spectra from three glioma patients are presented
together with LCModel fitting results and voxel positioning (red line) on T,-FLAIR images
(voxel size shown below the image). The yellow lines denote the shimming volumes, for
which the B4 field was calibrated. LCModel-returned 2HG signals are shown with the
estimated millimolar 2HG concentrations and CRLB in brackets. The LCModel built-in lipid
basis set (Fitting method 1) included Lip09 (0.89 ppm), Lip20 (2.04, 2.25 and 2.8 ppm), and
Lip13 (two signals at 1.3 ppm, 7., Lipl3a + Lip13b). The lipid basis set of Fitting method 2
included LipNew1 (0.9 and 2.25 ppm), LipNew2 (1.59, 2.04, and 2.8 ppm), and Lip13
(Lip13a + Lip13b). Dotted lines denote exclusion of the lipid signals in the basis set. Spectra
are scaled with respect to the water signal from the voxel. Vertical lines are drawn at 2.25

and 0.9 ppm.
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Figure 3.

(A) 2HG estimation in 42 patients by Fitting methods 1 (blue) and 2 (red) are displayed in
the ascending order of 2HG estimates from Fitting method 1 for each of biopsy-proven IDH
mutated (circles) and IDH wildtype (asterisks) tumor groups. Note that the patient number
(P1 - P42) in this figure is identical to the patient number in Supporting Information Figure
S2. (B) Regression analysis of the difference in 2HG estimation between the two fitting
methods (/.€., [2HG]Fitting method 2 ~ [2HG]Fitting method 1) With respect to the lipid 0.9 ppm
signal strength. The statistical significance (p) and regression coefficient (r) are shown in the
figure. (C) The lipid 0.9 ppm to 1.3 ppm peak amplitude ratio, calculated from the
LCModel-returned lipid signals, is shown for 14 patients, in whom the lipid 0.9 ppm peak
was well discernible (SNR > 4).
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Figure 4.
(Upper pandl) Glu and GABA estimations in 42 patients by Fitting methods 1 (blue) and 2

(red) are displayed in the same order of subjects as in Figure 3. (L ower panel) Regression
analyses of the differences of Glu and GABA estimates between the two fitting methods
(7.e., [Glu]Fitting method 2 = [GlU]Fitting method 1 @nd [GABA]Fitting method 2 ~

[GABAIJFitting method 1) With respect to the lipid 0.9 ppm signal strength. The statistical
significance (p) and regression coefficient (r) are shown in the figure.
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(A,C) Receiver operating characteristic (ROC) analysis of the 2HG estimates from 42

glioma patients is shown for Fitting methods 1 and 2. The area under the curve (AUC) in the

plot of true positive rate (TPR) vs. false positive rate (FPR) is shown in the figure. A red
circle on a ROC curve corresponds to the smallest distance to the upper-left corner of the
curve, at which cutoff values were obtained as 1.3 mM and 0.4 — 0.8 mM for Fitting
methods 1 and 2, respectively. Accuracy, sensitivity, and specificity with respect to the IDH
mutational status that were calculated with the cutoff values are shown in the figures. (B,D)
2HG estimations in the 42 patients by Fitting methods 1 and 2 are displayed according to the
IDH mutational status (IDH mutation in blue circles and IDH wildtype in red diamonds).
Green lines indicate the threshold values obtained from the ROC curves.
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